In order to study the correlation between clusters and nucleons in light nuclei, we formulate a new superposed THSR wave function which describes both spatial large spreading and clustercorrelated dynamics of valence nucleons. By using the new THSR wave function, the binding energy of 9 B is essentially improved comparing with our previous studies. We calculate the excited states of 9 B and obtain the energy spectrum of 9 B which is consistent with the experimental results, including prediction of the 1/2 + excited state of 9 B which is not fixed yet experimentally. We study the proton dynamics in 9 B and find that the cluster-proton correlation plays an essential role for the proton dynamics in the ground state of 9 B. Further more, we discuss the density distribution of the valence proton with special attention to its tail structure. Finally, the resonance nature of excited states of 9 B is illustrated by comparing root-mean-square radii between the ground and excited states. *
I. INTRODUCTION
As one of the most important effects in nuclear physics, the clustering degree of freedom has been extensively studied for various nuclear many-body problems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , including the microscopic description of cluster states [14, 15] and cluster radioactivity such as the α decay process [4, 5] . With the discovery of α-cluster condensation in light nuclei, the TohsakiHoriuchi-Schuck-Röpke(THSR) wave function is proposed to describe gas-like cluster states in light nuclei, especially for 12 C and 16 O [8] [9] [10] [11] [12] [13] [14] [15] . Investigations with the THSR wave function prove the nonlocalised property of cluster dynamics in light nuclei such as 20 Ne [14] . By comparing with generator coordinate method (GCM), which can be regarded as an advanced solution of the nuclear many-body system, clustering states are found to be almost 100%
accurately described by a single THSR wave function [14] [15] [16] [17] [18] .
For the study of non-conjugate nuclei composed of both α-clusters and valence nucleons, the THSR wave function has been successfully extended to the 9−11 Be isotopes [11, 19, 20] .
It is found that the cluster-cluster correlation and nucleon-nucleon correlation can be well described by the THSR wave function in these systems [19, 21] . However, there is few studies devoted to the correlation between α-clusters and valence nucleons. In order to study dynamics of clusters and valence nucleons under the cluster-nucleon correlation, we superpose the THSR wave function to describe both large spreading and cluster-correlated configurations for valence nucleons in light nuclei. Here, we choose the nucleus 9 B, which has α + α + p cluster structure, as the first application of our new framework. Due to the lack of good present understanding of the 9 B nucleus, it is also desirable to further study this proton-rich nucleus with the new microscopic model.
In Section II we formulate the superposed THSR wave function for 9 B. Then in Section III we show the results for the physical properties of 9 B and discuss the structure and dynamics of the clustering states, especially the cluster-nucleon correlation effect. The last Section IV contains the conclusions.
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II. FORMULATION OF THSR WAVE FUNCTION OF 9 B
We first write the THSR wave function for 9 B with the form used in our previous works [11] , as
where β α s are Gaussian parameters for the nonlocalized motion of two α-clusters and β p s are Gaussian parameters for valence proton. e imφ Rp is the phase factor which determines the intrinsic parity of the wave function [11] . Parameter m = 1 corresponds to the intrinsic negative parity while m = 0 corresponds to the intrinsic positive parity. Φ B is the Brink wave function which is writen as
where R (1, 2) and R p are corresponding generator coordinates for the α clusters and valence proton, respectively.
To investigate correlation between the extra proton and each α-cluster, we formulate the THSR wave function of 9 B as a superposition of both cluster-correlated configuration and large spreading configuration which is named by the "superposed THSR wave function", as
Here Φ 1 and Φ 2 are cluster-correlated configurations of 9 B which describes the correlated motion of valence proton around each α-cluster. with coordinate R p + R j , as
Here, the generator coordinate R p is used to describe the correlated motion of the valence proton around the α-cluster with generator coordinate R j , whose subscript j denotes each of the two α-clusters.
We also apply the angular-momentum projection techniqueP J M K |Ψ to restore the rotational symmetry [22] ,
where J is the total angular momentum of 9 B.
The Hamiltonian of the 9 B nucleus can be written as
Here T c.m. is the spurious kinetic energy of the center-of-mass motion. Volkov No. 2 [23] interaction is selected as the central force of the nucleon-nucleon potential as
where
The Gaussian soft core potential with three ranges (G3RS) term [24] is taken as the spin-orbit interaction,
whereP 31 projects the two-body system into triplet odd state. Parameters in V ls ij are taken as V ls 0 =2000 MeV, α 1 =5.00 fm −2 , and α 2 =2.778 fm −2 from Ref. [25] .
The Gaussian size parameter b for single-nucleon states is set to be b = 1.35 fm, which is the same as that used in our previous work in Ref. [11] .
III. RESULTS AND DISCUSSIONS
We discuss the energy spectrum of the 9 B nucleus obtained with the new superposed THSR wave function Ψ and compare them with those obtained by the tradional THSR wave function (Φ 3 ) used in our previous work [11] , as shown in Table. I. Both of these THSR wave functions Φ and Φ 3 are variationally optimized. In this table, we also include the GCM results for the spectrum of 9 B, to justify the accuracy of descriptions by the THSR wave functions. From Table. I we can observe significant improvements for the binding energy of Φ 1 + Φ 2 , which describes strong correlation between the extra proton and single α-cluster.
Since parameters c and d are not independent with each other, we optimize the ratio d/c by the variational calculation, which corresponds to the coupling of these two different configurations. We show in Table II We compare the density distributions of the valence protons obtained from the traditional and the new superposed THSR wave function as shown in Fig. 3 . It is clearly observed that the density distribution of extra proton described by the new THSR wave function, is more compact in the x-and y-directions comparing with the traditional one. This is because of the fact that in the new THSR wave function, correlation effects between the extra proton and α−clusters which are located near the z-axis in the intrinsic frame are taken into account. i.e. the density distribution spreads out compared with the Gaussian behavior. We think that the weakly bound valence proton in 9 B is not exactly described by a Gaussian, but has a long-range density tail. The new THSR wave function may give a proof for the existence of such long-range density tails.
We further apply the new superposed THSR wave function to the first 1/2 + excited state of 9 B. It is predicted in various theoretical models that there might be a 1/2 + excited state in 9 B. However, this is still not fully confirmed by experiments except a few predictions [28] [29] [30] . With our new THSR wave function, we find a local minimum by the variational calculation. Because of the limited computation power, we can not confirm this minimum with high accuracy, but we observe that this local minimum exists while we increase the precision, as shown in Fig. 6 . Even though this local minimum is much shallower than the error bars, our results indicate that there might be an excited state of 1/2 + in 9 B with 1.7
MeV above the ground state. By comparing with many other experimental predictions as shown in Fig. 7 result in present work.
We present the total energy spectrum of 9 B obtained from the new superposed THSR wave function in Fig. 8 . We observe systematic agreements between our theoretical results and the experimental values, which shows the accuracy and efficiency of our new approach in describing general cluster states with coupling of α-clusters and valence nucleons.
IV. CONCLUSION
We formulated a new superposed THSR wave function for 9 B with components corresponding to both the large spreading motion and the cluster-correlated motion for the valence proton. The calculated energies of the 3/2 − rotational band is essentially improved comparing to the previous version of THSR wave function in Ref. [11] and much better 
